Rationale-De-differentiation of vascular smooth muscle cells (VSMC) leading to a proliferative cell phenotype significantly contributes to the development of atherosclerosis. Mitogen activated protein kinase (MAPK) phosphorylation of proteins including connexin 43 (Cx43) has been associated with VSMC proliferation in atherosclerosis.
Introduction
Vascular smooth muscle cell (VSMC) proliferation is a major component of disease progression in atherosclerosis and in its treatment, e.g. following angioplasty and in restenosis. [1] [2] [3] In the earliest stages of atherosclerosis (atherogenesis) VSMC de-differentiate in response to atherogenic stimuli e.g. oxidized phospholipids and growth factors, such as platelet derived growth factor-BB (PDGF). 4, 5 De-differentiated VSMC increase atherosclerotic plaque size by proliferating and migrating into the plaque, followed by foam cell formation and senescence and through ongoing cellular proliferation within the plaque. 3, 6, 7 Treatment of advanced plaques through angioplasty produces the unwanted side effect of stimulating further VSMC proliferation, leading to neointima formation and significantly reducing the vessel lumen. 6, 8 Advanced plaques are composed of a number of different cell types including macrophages and foam cells derived from both monocytes and from VSMC originating in the medial layers of arterial vessels. [9] [10] [11] Therefore, identifying the causes of VSMC proliferation becomes central in the control of atherosclerosis and its treatments.
Several lines of evidence suggest that connexins (Cx) play a key role in the regulation of atherosclerotic disease progression and VSMC proliferation in particular Cx43, which has a role in cellular proliferation. [12] [13] [14] [15] [16] Connexins typically form gap junctions through a dodecameric association of connexin proteins which produces a functional channel between two cells that allows for coordinated cellular responses. Changes in the expression levels of Cx43 have been associated with VSMC proliferative potential in atherogenesis and in atherosclerotic plaque development and in restenosis. 12, 15, 17 In addition, multiple studies have now demonstrated that Cx43 can modulate cellular proliferation in a manner that is independent of gap junctional communication. [18] [19] [20] [21] However, the exact pathways through which Cx43 modulates cellular proliferation are not known.
Activation of mitogen activated protein kinase (MAPK) pathways promotes VSMC proliferation in atherogenesis 22 . Many pro-atherogenic agents (e.g. PDGF) have been shown to activate MAPK pathways, yet the mechanisms through which these pathways induce VSMC proliferation are poorly defined. 5 Several lines of evidence indicate that MAPK phosphorylation of Cx43 can occur at specific C-terminus (CT) residues i.e. S255/S262/ S279/S282 and occurs differentially throughout the cell cycle. [23] [24] [25] [26] [27] Recently, we identified that Cx43 becomes phosphorylated at its MAPK serines in response to atherogenic stimuli and that this is associated with VSMC proliferation both in vivo and in vitro. 12 Here we demonstrate from the single protein level to whole mouse that Cx43 mediates its control over VSMC proliferation through an interaction of its C-terminus with the cell cycle control protein cyclin E in a manner that is dependent upon Cx43 MAPK phosphorylation.
Results

Cx43 co-localizes with cyclin E in VSMC and in vivo
To test whether Cx43 protein expression and its post-translational modification are linked to VSMC proliferation, we initially screened potential binding partners of Cx43 that are associated with the G1 phase of cell cycle including cyclin E, cyclin D1, p21 waf1cip1 and p27 kip1 . Co-immunoprecipitation studies identified that Cx43 associated with cyclin E but not the other proteins tested (Online Figure V) . We therefore tested the ability of Cx43 to interact with cyclin E in vivo by immunofluorescence on carotid vessel sections. We identified marked increases in protein expression for both Cx43 and cyclin E within the carotid VSMC after PDGF treatment as compared to control conditions ( Figure 1A ). Using the proximity ligation assay we further demonstrated almost no detectable interactions between of Cx43 and cyclin E under control conditions but significant increases in interaction following PDGF treatments ( Figure 1B) . To determine the spatial interaction between the proteins in vivo we analyzed co-localization between Cx43, cyclin E and CDK2 by immune-transmission electron microscopy (i-TEM, Figure 1C ). Under control conditions, interactions were not identifiable between Cx43 and cyclin E or CDK 2 in carotid VSMC (i.e. large average distance between beads of 490±70 nm (Cx43-cyclin E) and 379±72 nm (Cx43-CDK2, Figure 1D ) were observed). In VSMC of carotids from PDGF treated mice and in ApoE −/− mice (containing proliferative VSMC) 12 significant reductions in distances between Cx43-cyclin E, Cx43-CDK2 and cyclin E-Cx43-CDK2 were identified with distance averaging 10-20 nm indicative of interaction between the proteins ( Figure  1D ). Under control conditions Cx43 MAPK phosphorylation was not readily detectable with too few beads present as to be quantified on all sections ( Figure 1E ). However, treatments with PDGF and in ApoE −/− mice (as described) 12 increased Cx43 MAPK phosphorylation and interactions were identified with cyclin E and CDK2 ( Figure 1E ).
Cx43 co-precipitates with cyclin E and CDK2 in vitro
To further investigate the interaction between Cx43, cyclin E and CDK2, we isolated aortic VSMC from newborn mice (Cx43 +/+ , Online Figure II ). Increases in Cx43, cyclin E and CDK2 protein expression and co-immunoprecipitation of Cx43 with cyclin E and CDK2 proteins were identified following 24 hour treatments with PDGF (Online Figure VI) . To define the cellular compartment of protein interaction and to identify the temporal relationship between Cx43 and cyclin E interactions we investigated protein expression levels and co-immunoprecipitation by Western blot in total proteins lysates and membrane fractions of Cx43 +/+ VSMC. Following PDGF treatments, expression of Cx43, MAPK phosphorylated Cx43 (Cx43-P) and cyclin E all increased following 6 hours of treatment with PDGF in total protein lysates, with increases in CDK2 observed from 12 hours ( Figure  2A ). In membrane fractions, expression of Cx43, Cx43-P and cyclin E increased between 6-12 hour timepoints after which marked reductions were observed (Figure 2A) . Coimmunoprecipitation studies demonstrated that Cx43 and cyclin E form in complex by 12 hours in membrane fractions and were detectable at both 12 and 24 hours in total protein lysates ( Figure 2A ). To determine the effects on downstream targets of cyclin E and CDK2 activation, we performed Western blots of retinoblastoma (Rb) protein expression and its phosphorylation (pRB). Following PDGF treatments we identified in Rb protein expression and phosphorylation (pRb-780 and pRb-807/811) was increased between 12-24 hours following PDGF treatments ( Figure 2B ). In order to define whether MAPK phosphorylation of Cx43 was critical in this interaction, Cx43 +/+ VSMC gown in low serum media were pretreated with Extracellular signal-regulated protein kinase (ERK)-inhibitors U0126 or Roscovitine followed by PDGF treatment. Both U0126 and Roscovitine inhibited the ability of Cx43 to become phosphorylated at MAPK serines and inhibited interactions with cyclin E and corresponded to significant reductions in VSMC proliferation ( Figure 2C ). Using Cx43 +/+ cells treated with PDGF in the presence of U0126 or Roscovitine, we saw significant reductions in VSMC proliferation indicating that MAPK phosphorylation of Cx43 is important in the proliferative phenotype of VSMC in response to PDGF ( Figure  2C ).
Cx43 interactions with cyclin E are controlled through MAPK phosphorylation
In order to further examine the role of Cx43 MAPK phosphorylation, VSMC were isolated from aortas of newborn Cx43 +/+ , Cx43 +/− or Cx43 −/− mice ( Figure 3A ) and we generated plasmids with mutations at the four C-terminus MAPK serines (S255/262/279/282) to mimic constitutive phosphorylation (Cx43 MK4D ) or null phosphorylation (Cx43 MK4A ) ( Figure 3B , Online Figure IV ). These plasmids were transfected into Cx43 −/− VSMC at nearly equivalent levels ( Figure 3C ). Dye transfer studies in control and PDGF treated VSMC transfected with the different plasmids showed no significant differences in gap junctional communication (Online Figure VII) . Pre-treatment of Cx43 +/+ VSMC with the gap junction inhibitor carbenoxolone (CBX) reduced gap junctional communication but did not significantly reduce cellular proliferation in response to PDGF treatments (Online Figure  VII) Co-immunoprecipitation studies from transfected Cx43 −/− VSMC treated with PDGF identified that interactions with cyclin E only occurred with Cx43 and Cx43 MK4D and not in Cx43 MK4A ( Figure 3D , Online Table I ).
In order to show that Cx43 C-terminus specifically binds cyclin E, we generated and used purified Cx43 C-terminus and glutathione s-transferase (GST) tagged cyclin E proteins and evaluated complex formation using ANSEC ( Figure 3E -F). Individually, Cx43 C-terminus proteins (≈ 17 kDa; monomer) eluted in the same fractions (16) (17) (18) (19) and cyclin E (≈ 75 kDa) eluted in fractions 15-17 ( Figure 3F ). In all experiments, we did not detect significant alterations in either the Cx43 CT or the Cx43 CTMK4A proteins when combined with cyclin E ( Figure 3F ). However, following incubation of Cx43 CTMK4D proteins with cyclin E, we identified a marked shift in both Cx43 CTMK4D and cyclin E. Both proteins co-eluted earlier in the elution profile (fractions 14 -17; increase in size), indicating complex formation of Cx43 CTMK4D with cyclin E ( Figure 3F ). By cross-linking proteins in solution of fraction 15 from Cx43 CTMK4D with cyclin E samples we identified high molecular weight forms of both Cx43 C-terminus and cyclin E at ≈ 110 kDa by Western Blot, corresponding to a stoichiometry of a single cyclin E and Cx43 CTMK4D in dimer form (≈ 109 kDa, Figure 3G ).
Based on the observations using purified proteins we aimed to determine whether expressing the free Cx43 C-terminus in VSMC would lead to binding of cyclin E and alterations in cellular proliferation. We therefore transfected Cx43 −/− VSMC with plasmids to express Cx43 CT , Cx43 CTMK4A and Cx43 CTMK4D proteins (Online Figure VIII) . All 3 proteins were found to be expressed in the transfected VSMC but did not form interactions with cyclin E and did not confer increased VSMC proliferation in response to PDGF treatment (Online Figure VIII) . We further determined that while all Cx43 C-terminus proteins were expressed, they did not traffic to the cellular membranes unlike full length Cx43 proteins when transfected to Cx43 −/− VSMC (Online Figure VIII) .
VSMC proliferation is controlled through MAPK phosphorylation of Cx43
To identify a potential functional consequence of Cx43-cyclin E interaction, we compared proliferation in Cx43 +/+ Cx43 +/− and Cx43 −/− VSMC grown in low serum media in response to PDGF stimulation. Flow cytometric analysis indicated that low serum induced a cell cycle stall (approximately 5% proliferation) in all cells. However, loss or reductions of Cx43 (Cx43 −/− Cx43 +/− respectively) significantly ablates PDGF induced VSMC proliferation as compared to Cx43 +/+ cells ( Figure 4A ). Western blot analysis of cyclin E and CDK2 expression in Cx43 −/− VSMC demonstrate that PDGF does not induce marked increases in cyclin E expression, however CDK2 protein expression was increased by 24 hours in the absence of Cx43 expression (Online Figure IX) . Transfection of Cx43 −/− VSMC with each the Cx43 plasmids followed by treatment with PDGF produced a restoration of cell proliferation in cells expressing both Cx43 and the Cx43 MK4D proteins, but not the Cx43 MK4A protein ( Figure 4B ).
Loss of MAPK phosphorylation of Cx43 in vivo reduces interactions with cyclin E and VSMC proliferation
To investigate the in vivo effects of Cx43 phosphorylation on VSMC proliferation in vivo, we generated a novel knock-in mouse line containing alanine mutation for Cx43 MAPK sites (Cx43-MK4A, Online Figure I ) which display similar levels of Cx43 expression to C57Bl/6 mice (Online Figure X) . In the Cx43-MK4A mice, Cx43 phosphorylation was not detected either under control or PDGF treated conditions, with increases in C57Bl/6 shown ( Figure 5A ). Analysis by transmission electron microscopy (TEM) and through expression of SM-actin by immunofluorescence, revealed that PDGF treatment did not produce any apparent phenotypic alterations in the carotid VSMC of Cx43-MK4A mice in contrast to those which were identifiable in C57Bl/6 carotid VSMC ( Figure 5B Figure 5D ).
Loss of MAPK phosphorylation of Cx43 in vivo reduces neointima formation
To determine whether phosphorylation of Cx43 plays a significant role in neointimal formation we performed carotid ligation (injury) assays which have been previously demonstrated to produce neointima formation in wild type mice. 28 Carotids from ligated C57Bl/6 mice demonstrated significant development of neointima, reduced luminal diameter and reductions in expression of SM-actin in media VSMC which was not identified in Cx43-MK4A mice ( Figure 6A -C, Online Figure III ). Increases in both Cx43 and MAPK phosphorylated Cx43 were identified in both the media and neointima layers of C57Bl/6 mice but not within in the media layers of Cx43-MK4A mice (Fig 6D-E) .
Discussion
A common factor in the promotion of VSMC proliferation is phosphorylation of proteins through activation of MAPK pathways. 29 We recently identified that MAPK phosphorylation of Cx43 correlates to VSMC proliferation in ApoE −/− mice. 12 Here we identify that in response to atherogenic stimuli i.e. PDGF and vascular injury i.e carotid ligation, Cx43 is phosphorylated at its C-terminus MAPK residues (S255/S262/S279/ S282) 23 and that this is a key regulator of VSMC proliferation and neointma formation in vivo. We further demonstrate that the mechanism underlying the proliferative response depends on a direct interaction of the Cx43 C-terminus with the cell cycle control protein cyclin E. These results are summarized in Online Figure XII .
Vascular smooth muscle cell proliferation in atherogenesis has been linked with an increase in the expression of PDGF. 5 It has also been shown that PDGF stimulation increases the expression of cyclin E, cyclin D1 and their associated kinases (i.e. CDK2 and CDK4) all of which are positive regulators of cellular proliferation. [30] [31] [32] [33] In addition, PDGF alters the expression levels of Cx43 which has been linked to enhanced VSMC proliferation. 14 In keeping with these studies, we identified increases in Cx43, cyclin E and cyclin D1 in VSMC in response to PDGF treatments in vitro. Using proliferative VSMC (10% serum) we found that Cx43 forms interactions with cyclin E but not with cyclin D1, or the cell cycle inhibitors p21 waf1/cip1 or p27 kip1 . Treatment of VSMC with PDGF induced MAPK phosphorylation of Cx43 and promoted formation of Cx43 complexes with cyclin E and its associated kinase CDK2. Complexes between MAPK phosphorylated Cx43 with cyclin E and CDK2 were also identified in PDGF treated C57Bl/6 and in ApoE −/− mice as demonstrated through proximity ligation and i-TEM in vivo. These data indicate that Cx43 may act to interact with specific cell cycle proteins in proliferative VSMC.
While cyclin E is ubiquitously expressed in cells, formation of active complexes with CDK2 occur at the cell membrane and is followed by removal of the complex from the cell membrane. 34 Accumulation of cyclinE-CDK2 complexes in s-phase of the cell cycle can be further regulated by MAPK activation. 35 In our studies we identified that PDGF temporally increases global expression of Cx43, Cx43-P, cyclin E and CDK2 proteins over a 24 hour period, and that Cx43 and cyclin E protein expression increased transiently in membrane fractions with marked reductions found between 12-24 hours. We further show that Cx43cyclin E complexes were present at 12 hours in membrane fractions and in total protein isolates between 12-24 hours. Increases in Cx43-cyclin E binding corresponded to an increase in the expression and phosphorylation of Rb, a downstream target of the cyclin E-CDK2 complex which acts to promote cellular proliferation. 36 Activation of MAPK pathways i.e. ERK1/2, following increased PDGF expression promotes a proliferative phenotype in VSMC. 37, 38 Following treatments with known ERK pathway inhibitors i.e. U0126 and CDK2 inhibitors roscovitine 35 we show that interactions between Cx43 and cyclin E can be inhibited and VSMC proliferation significantly reduced. Expression of free Cx43 CT proteins within Cx43 −/− VSMC cells failed to produce an interaction with cyclin E and failed to elicit PDGF induced proliferation as can be seen for the full length protein. In keeping with previous reports that expression of the free Cx43 CT leads to a diffuse pattern of staining within cells and does not affect cellular proliferation 39 we further show that the free Cx43 CT does not target the cell membrane suggesting that membrane localization is a key component in the interaction between Cx43 and cyclin E. However there are previous reports that the free Cx43 CT protein expressed in HeLa cells can inhibit cellular proliferation although the pathways associated with this have not been clearly demonstrated. 40 These data indicate that PDGF induces proliferation in VSMC through a mechanism that involves binding of MAPK phosphorylated Cx43 to cyclin E and that formation of a complex between Cx43 and cyclin E initiates at the membrane and is followed by an internalization of the complex which promotes retinoblastoma phosphorylation and cell cycle progression.
It has previously been shown that PDGF increases Cx43 expression levels but that PDGF induced MAPK phosphorylation of Cx43 reduces gap junction permeability leading to the hypothesis that gap junctional signaling pathways may contribute regulation of VSMC proliferation. [41] [42] [43] Similar studies identified that truncation of Cx43 C-terminus (a.a. 256) significantly reduces the PDGF induced response, potentially indicating that gap junctional communication is involved but also suggest that there may also be a connexin mediated (but non-gap junctional) component to PDGF associated cell cycle regulation. 44, 45 In agreement with these studies, we find that a loss or reduction of Cx43 expression in Cx43 −/− and Cx43 +/− VSMC (respectively) correlates to significant reductions in the PDGF induced proliferative response. We also demonstrate a rescue of the proliferative response in Cx43 −/− VSMC transfected to express Cx43 and Cx43 MK4D . Despite this, levels of gap junction communication were not significantly altered in the Cx43 −/− VSMC as compared to Cx43 +/+ VSMC. A reduction in dye transfer was observed in Cx43 −/− following treatment with CBX indicating that gap junctional communication does occur within Cx43 −/− VSMC. The identification of dye transfer in Cx43 −/− cells suggests that they are still functionally coupled potentially through the remaining Cx37 and Cx45 identified within the cells. However, treatments with CBX failed to significantly reduce VSMC proliferation suggesting that proliferation can occur in a manner that is independent of gap junctional communication. Additionally when Cx43 −/− VSMC were transfected to express Cx43, the null phosphorylation (Cx43 MK4A ) or the phospho-mimetic (Cx43 MK4D ) forms, gap junctional communication was not significantly altered. However, in Cx43 −/− VSMC transfected to express Cx43 MK4A , the interaction between Cx43 and cyclin E was lost and there was no return to proliferation. Conversely, Cx43 −/− VSMC expressing Cx43 and Cx43 MK4D demonstrate formation of Cx43-cyclin E complexes and a return to proliferation in response to PDGF. Taken together these data suggests that in response to PDGF, Cx43 becomes phosphorylated at its MAPK serines and interacts with cyclin E which in turn promotes VSMC proliferation in a manner that is independent of gap junctional communication. Despite this, PDGF treatments did not significantly reduce gap junction communication in our cells and leaves the possibility that a role for gap junctions does exist in these pathways.
In order to confirm our findings, we generated a novel knock in mouse (Cx43-MK4A) that contains the Cx43 MAPK serine to alanine substitution expressed on the endogenous promoter for Cx43. In the Cx43-MK4A mice, we found levels of Cx43 expressed in carotid VSMC were similar to C57Bl/6 mice, and showed that under control and PDGF treated conditions there was no evidence for Cx43 MAPK phosphorylation in the Cx43-MK4A mice. While Cx43 was present in the VSMC as well as cyclin E and CDK2, we could not identify interactions between Cx43 and cyclin E or Cx43 and CDK2. This finding is consistent with a requirement for Cx43 MAPK phosphorylation in forming interactions with cyclin E. In addition, we demonstrated a lack of VSMC proliferation in Cx43-MK4A mice and did not observe phenotypic changes in VSMC as identified in C57Bl/6 mice in response to PDGF treatment. In response to vascular injury VSMC de-differentiate and migrate to the intima of the vessel producing the neoitima. 28, 46, 47 Previous studies have demonstrated that Cx43 expression is significantly enhanced in the medial and neointimal VSMC following vascular injury. [14] [15] [16] 48 Development of neointima has been associated to MAPK phosphorylation and to alterations in cyclins and CDK pathways and can be significantly inhibited through treatments with inhibitors of MAPK, pathways pathways. [49] [50] [51] Following vascular injury in C57Bl/6 mice we demonstrate significant formation of neointimal lesions, derived from VSMC (SM-22α positive). In keeping with previous studies we demonstrate that Cx43 expression as well as MAPK phosphorylated Cx43 is increased in media and neointimal VSMC in C57Bl/6 mice. However, in Cx43-MK4A mice vascular injury failed to produce significant neointimal formation. Previous studies by others have demonstrated contrasting roles for Cx43 in neointimal formation, with conditional VSMC knockout of Cx43 promoting neointimal formation 52 and conversely by others suggesting that reduced Cx43 expression can limit neointimal formation. 17 In each of these models a number of factors could contribute to differences between results including incomplete knockdown of Cx43 in the conditional knockout mouse 52 or compensation by other connexins within the Cx43 +/− mice as well as differences in model systems i.e. high fat fed. 17 These conflicting results however clearly demonstrate the complex nature of Cx43 in regulating VSMC proliferation in response to vascular injury. In comparison to previous models, our Cx43-MK4A mice maintain levels of Cx43 expression within the VSMC of carotids and demonstrate specifically attenuated the neointima formation suggesting that Cx43 is critical in the regulation of neointimal formation. Our data therefore demonstrates that MAPK phosphorylation of Cx43 serines critically regulate VSMC de-differentiation, proliferation and neointima formation in vivo.
Our studies demonstrate that Cx43 interacts with cyclin E in a manner that is dependent on MAPK phosphorylation of the Cx43 C-terminus. Previous studies by others have shown that the C-terminus of Cx43 can interact with a number of proteins including tubulin and zonula occludens-1 which are associated with targeting of Cx43 at the plasma membrane. [53] [54] [55] Further studies have also shown the potential for interactions between the C-terminus of Cx43 and proteins that regulate cell cycle e.g. NOV and SKP2. 19, 21, 56 In order to define the region on Cx43 where interactions with cyclin E occurs, we generated and purified proteins for the full length cyclin E and for the Cx43 C-terminus including the null phosphorylation and phospho-mimetic forms. We identified that only Cx43 CTMK4D proteins formed interactions with cyclin E. In this in vitro system, we saw no evidence for cyclin E interactions with the native state Cx43 CT or the Cx43CT MK4A . By cross-linking proteins in solution from the Cx43 CTMK4D samples, we identified higher molecular weight forms of both cyclin E and Cx43 at approximately 110kDa by Western blot. This corresponds to a complex containing a single cyclin E-GST and a dimer of Cx43. This finding is consistent with previous findings that Cx43 is required to be in a dimeric form in order to interact with known binding partners. 57 In addition to this, we saw no evidence for interaction at higher pH values (pH 7.4, data not shown) where Cx43 is primarily in monomeric forms and is consistent with previously published data. 57 Taken together these data suggest that interactions between MAPK phosphorylated Cx43 and cyclin E occur within the C-terminus of Cx43 and requires the presence of these phosphorylation sites and that these interactions can occur outside of PDGF stimulation in VSMC.
In conclusion, our studies have demonstrated three key conclusions: 1.) That Cx43 specifically interacts with the cell cycle protein cyclin E in a manner that is dependent on MAPK phosphorylation 2.) That MAPK phosphorylated Cx43 promotes VSMC proliferation in response to PDGF treatments 3.) That following vascular injury, MAPK phosphorylated Cx43 can significantly regulate neointimal formation. Further studies on this interaction may lead to a novel target for therapeutic intervention in the development atherosclerosis and restenosis.
Source Of Funding:
This work is supported by NIH HL088554 (BEI), an American Heart Association Scientist Development Grant (BEI), Phillip Morris core facilities grant (BEI), an American Heart Association Post Doctoral Award (SRJ), NRSA IF32HL103042-1 (ACS), NIH RO1GM087828 (LC), NSF MCB0845668 (LC), Jeffress Memorial Trust Research Corporation for Science Advancement for support through a Cottrell Scholar Award (LC), NIH GM55632 (PDL), NIH R01-HL083120 (MK).
Non-Standard Abbreviations and Acronyms
VSMC
Vascular smooth muscle cell 
Novelty and Significance
What is known • A change in smooth muscle cells from non-proliferative (e.g. normal) to proliferative (e.g. diseased) states is regulated by mitogen activated protein kinase pathways (MAPK).
• Alterations in Cx43 protein expression are associated with changes in smooth muscle cells to a proliferative phenotype.
What new information does this article contribute
• Cx43 directly interacts with the cell cycle control protein cyclin E
• Cx43-cyclin E interactions are dependent on the MAPK phosphorylation of Cx43
• Interactions between Cx43 and cyclin E are critical determinants in smooth muscle cell proliferation and neointimal formation in vivo
Summary
Atherosclerosis has one of the highest mortality rates in the United States, with dysregulated smooth muscle cell proliferation being a hallmark of the disease. Connexin 43 (Cx43) has previously been associated with regulation of cellular proliferation, although the mechanisms have not been described. We identified direct protein interactions between Cx43 and cyclin E, a protein that regulates how cells divide. We specifically demonstrate that phosphorylation of Cx43 protein by MAPK is required for it to bind to cyclin E. Using novel mice in which Cx43 cannot be phosphorylated by MAPK, we further show that this interaction is a critical determinant of smooth muscle cell proliferation and neointimal formation such as is found in restenosis and transplant arteriopathies. This discovery could potentially lead to novel therapeutic targets for the treatment of vascular proliferative disorders. In A-C, black arrowheads identify the expected molecular weight for each protein, colored arrowheads correspond to molecular weights: green is 25kDa, blue is 37 kDa, red is 50kDa, yellow is 100 kDa. In C, "***" indicates P<0.001, n=4.
Figure 3. Cx43 interactions with cyclin E are dependent on MAPK phosphorylation in vitro
The expression of vascular connexins Cx43, Cx37 and Cx45 in VSMC isolated from newborn mouse aortas was identified by Western blotting (A). Site directed mutagenesis was performed for the MAPK sites in both full length Cx43 (a.a.1-382) and Cx43 CT (a.a. 236-382) for phospho-mimetic (Aspartate, Cx43 MK4D , Cx43 CTMK4D ) and null phosphorylation (Cx43 MK4A , Cx43 CTMK4A ) constructs (B). Primary VSMC from Cx43 −/− mice were transfected with Cx43 plasmids and expression confirmed by Western blotting of Cx43 (Cx43) (C). Levels of expression were quantified against loading for GAPDH (n=3, C). Lysates from Cx43 −/− VSMC transfected with each of the Cx43 plasmids and treated with PDGF were incubated with cyclin E coated beads then protein detection performed by Western blot analysis of Cx43 (n=3, D). Cx43 CT -GST and cyclin E1-GST proteins were purified by GST bead purification followed by cleavage (Cx43 CT proteins only) or elution (glutathione, cyclin E only). Samples were further purified to >90% purity by size exclusion chromatography (SEC) with Cx43 CT detected at approximately 17 kDa and cyclin E at 75 kDa due to the addition of the 25kDa GST tag (E). Purified proteins for Cx43 CT , Cx43 CTMK4A , Cx43 CTMK4D and cyclin E were assessed for in vitro binding via ANSEC either as solo proteins or in combination (Cx43 CT + cyclin E). Eluted fractions were analyzed for the expression of Cx43 (Cx43) or cyclin E (polyclonal) by Western blotting (n=2, F). Following ANSEC analysis, samples from elution fraction 15 from the 
